Abstract The Co-Mg-Al mixed metal oxides were prepared by calcination of co-precipitated hydrotalcite-like precursors at various temperatures (600-800°C), characterised with respect to chemical (AAS) and phase (XRD) composition, textural parameters (BET), form and aggregation of cobalt species (UV-vis-DRS) and their redox properties (H 2 -TPR, cyclic voltammetry). Moreover, the process of thermal decomposition of hydrotalcite-like materials to mixed metal oxide systems was studied by thermogravimetric method combined with the analysis of gaseous decomposition products by mass spectrometry. Calcined hydrotalcite-like materials were tested as catalysts for methanol incineration. Catalytic performance of the oxides depended on cobalt content, Mg/Al ratio and calcination temperature. The catalysts with lower cobalt content, higher Mg/Al ratio and calcined at lower temperatures (600 or 700°C) were less effective in the process of methanol incineration. In a series of the studied catalysts, the best results, with respect to high catalytic activity and selectivity to CO 2 , were obtained for the mixed oxide with Co:Mg:Al molar ratio of 10:57:33 calcined at 800°C. High activity of this catalyst was likely connected with the presence of a Co-Mg-Al spinel-type phases, containing easy reducible Co 3? cations, formed during high-temperature treatment of the hydrotalcite-like precursor.
Introduction
Emissions of volatile organic compounds (VOCs) to the atmosphere from various sources are one of the most serious environmental problems [1] . Majority of VOCs is toxic and may take part in photochemical reactions in the atmosphere with other pollutants (e.g. nitrogen oxides) resulting in very dangerous secondary pollutants (e.g. ozone, aldehydes, peroxyacyl nitrates). The best way to reduce the VOCs emission is to eliminate them prior to their discharge. Among various methods employed for VOCs removal including thermal combustion, absorption, adsorptive recovery and biofiltration [2] , the low-temperature catalytic incineration seems to be the most reliable and effective post-treatment technology [1] . The catalysts for VOCs incineration should effectively operate at relatively low temperatures to avoid additional heating of flue gases as well as to limit the formation of NO x by thermal mechanism [3] . Noble metals, such as Pt [4] [5] [6] [7] , Pd [8] [9] [10] , Rh [11] and Au [12, 13] , belong to the most active and effective components of the catalysts for incineration of broad range of various VOCs. On the other hand, high cost of noble metals significantly limits commercial utilisation of such catalysts. Cobalt belongs to the most promising components of the non-noble metal-based catalytic systems for VOCs incineration. Solsona et al. [14] reported the supported and unsupported nanocrystalline cobalt oxides as very effective catalysts for propane incineration (total conversion of propane was achieved at about 250°C). The catalytic activity was mainly dependent on the crystallite size of cobalt oxides, decreasing with an increase in the crystallite size. The Co 3 O 4 oxide was identified as the most catalytically active phase in the studied process. Jirátová et al. [15] studied total oxidation of toluene and ethanol over the hydrotalcite-derived Co-Mn-Al mixed oxide catalyst (Co:Mn:Al molar ratio of 4:1:1) modified with various amounts of potassium (0-3 mass%). The CoMn-Al mixed oxide showed very good catalytic performance in the studied processes and addition of low amounts of potassium promoter additionally activated mixed metal oxide catalyst mainly by modification of the surface acid-base properties. Thus, it was shown that both the nanocrystalline structure of cobalt oxide phases as well as the surface acid-base properties of such catalytic systems are very important parameters that determine the catalytic performance in the processes of VOCs incineration. These observations were inspiration for the present study. Similarly to report of Jirátová et al. [15] mentioned above, the hydrotalcite-like materials were used as precursors of mixed metal oxide catalysts for VOCs incineration. Thermal treatment of such precursors results in nanocrystalline materials with homogenously distributed active components. By tailoring of chemical composition of hydrotalcite-like precursors and conditions of their thermal treatment, mixed metal oxide systems with various phase composition can be prepared [16] [17] [18] [19] [20] [21] [22] [23] . The surface acid-base properties of hydrotalcite-derived mixed metal oxide catalysts can be controlled by changing of the Mg/Al ratio in the hydrotalcite-like precursors.
The aim of the studies has been determination of the influence of the Mg/Al ratio in the cobalt-containing hydrotalcite-like precursors as well as calcination conditions on their catalytic efficiency in the process of methanol incineration. Methanol was used as a model VOC molecule in the presented studies.
Experimental Samples preparation
The hydrotalcite-like precursors with the intended Co/Mg/ Al molar ratios of 5/77/18, 10/72/18, 5/62/33 and 10/57/33 were synthesised by co-precipitation. The metal nitrates of p.a. purity, namely Co(NO 3 ) 2 Á6H 2 O, Mg(NO 3 ) 2 Á6H 2 O and Al(NO 3 ) 3 Á9H 2 O (all supplied by Sigma-Aldrich), NaOH (POCh), Na 2 CO 3 (POCh) and distilled water were used for preparation of solutions. An aqueous solution (450 mL) of Co, Mg and Al nitrates in appropriate molar ratio and total metal ions concentration of 1.0 mol L -1 was added with flow rate of 7.5 mL min -1 into 1000-mL batch reactor containing 200 mL of distilled water. The flow rate of simultaneously added alkaline solution of NaOH (3.0 mol L -1 ) and Na 2 CO 3 (0.5 mol L -1 ) was controlled to maintain reaction pH of 10.0 ± 0.2. The co-precipitation was carried out at vigorous stirring at 60°C. The resulting suspension was stirred at 60°C for 60 min. The product was filtered off, washed thoroughly with distilled water and dried overnight at 60°C in air. Finally, the precursors were calcined at various temperatures (600, 700 or 800°C) for 9 h in air. The calcined samples were kept in a desiccator in order to avoid their contact with ambient atmosphere. The prepared mixed oxide samples were labelled by acronyms with molar ratios of cation constituents and calcination temperature (e.g. Co 10 Mg 57 Al 33 -800).
Samples characterisation
The cation composition of the prepared hydrotalcite-like precursors was determined by atomic absorption spectroscopy. The samples were dissolved in a hydrochloric acid solution (36%), and the cation concentration in solutions was determined using 280FS AA instrument (Agilent Technologies) at the following wavelengths: Co 240.7 nm, Mg 285.2 nm and Al 309.3 nm.
The phase composition of the hydrotalcite-like precursors and related mixed metal oxides obtained by their calcination was determined by powder X-ray diffraction (XRD). The powder XRD patterns were recorded with a D2 Phaser diffractometer (Bruker) using Co K a1 radiation (k = 0.179 nm) in the 2H range from 8°to 80°, step size 0.02°. The qualitative analysis was performed with a HighScore Plus 4.0 software package (PANanalytical). The hydrotalcite lattice parameters a and c were determined from XRD data using the following formulas: a = 2d 110 and c = (3d 003 ? 6d 006 )/2. The mean coherence length L was calculated from the FWHM values (broadening at half of the maximum intensity) of the diffraction lines using Scherrer equation.
Thermal decomposition of the hydrotalcite-like precursors was studied by thermogravimetric method coupled with QMS analysis of evolved gases. The TG-DTG-QMS measurements were carried out using a ). The specific surface area of the calcined samples was determined by the BET method using a 3Flex (Micromeritics) automated gas adsorption system. Prior to the nitrogen adsorption at -196°C all the samples were outgassed under vacuum at 350°C for 24 h.
The UV-vis-DR spectra of the calcined samples were recorded using an Evolution 600 (Thermo) spectrophotometer. The measurements were performed in the range from 190 to 900 nm with a resolution of 2 nm.
Cyclic voltammograms of the calcined samples were recorded in a three-electrode cell using a graphite paste electrode as the working electrode, platinum coil as the auxiliary electrode and Ag|AgCl as the reference electrode. Composite paste was prepared by mixing synthetic graphite (100-150 mg) with Nujol (0.05 mL) and a small amount of the mixed oxide catalyst (0.005-0.010 g). The measurements were performed in acetate buffer (pH = 4.6) as electrolyte at a scan rate of 50 mV s -1 . Before experiment, the solutions were pretreated with argon to keep oxygen-free atmosphere during the measurement.
The reducibility of the calcined samples was studied by temperature-programmed reduction method (H 2 -TPR). Experiments were carried out in a fixed-bed flow microreactor starting from room temperature to 950°C, with a linear heating rate of 10°C min -1 . H 2 -TPR runs were carried out in a flow (10 mL min -1 ) of 5 vol.% H 2 diluted in Ar (N5 quality, Messer). The evolution of hydrogen was detected by microvolume TCD (Valco).
Catalytic studies
The mixed oxide samples obtained from hydrotalcite-like precursors at 600, 700 and 800°C were tested as catalysts for methanol incineration. Catalytic experiments were performed in a fixed-bed flow quartz microreactor system under atmospheric pressure in the temperature range from 125 to 425°C with an isothermal steps every 25°C. For each test, 100 mg of catalyst was outgassed in a flow of air at 500°C for 30 min. After cooling down to 125°C, the gas mixture containing 3.7 vol% of methanol diluted in air (total flow rate of 20 mL min -1 ) was supplied into the reactor by the isothermal saturator (0°C). The reaction products were analysed using a gas chromatograph SRI 8610C equipped with Hayesep D column as well as methaniser-FID detection system.
Results and discussion
Formation of hydrotalcite-like materials after co-precipitation reaction was proven by powder XRD results. In the XRD patterns of the co-precipitated precursors ( Fig. 1) , only diffraction lines characteristic for hydrotalcite-like compounds were found, no other crystalline phase was detected. The hydrotalcite lattice parameters a and c, determined from XRD analysis, are compared in Table 1 . Slightly smaller a parameter observed for the samples with increased aluminium content can be explained by smaller ionic radius of Al 3? (53 pm) in comparison with radius of Mg 2? (72 pm). The samples with increased aluminium loading in the hydrotalcite-like samples exhibited also slightly smaller d 003 basal spacing, which resulted in a decreased c parameter. Similar effect was observed by authors for the Cu-Mg-Al hydrotalcite-like materials [16] . This effect could be related to the increased Al 3? content in the brucite-like layers, which causes the higher net positive charge and tighter arrangement of the layers due to stronger electrostatic interactions between the layers and interlayer anions. The mean coherence length evaluated from XRD data is related to structure ordering; it was evaluated from broadening of hydrotalcite (hkl 003, 006, 110) diffraction line using Scherrer equation; the L values varied in the range of 9.1-12.8 nm and confirmed formation of wellcrystalline product.
Cation composition of prepared hydrotalcite-like precursors was determined by AAS after samples dissolution in hydrochloric acid. The results presented in Table 2 Hydrotalcite-derived Co-containing mixed metal oxide catalysts for methanol incineration 1303 that molar ratios of cations calculated from the measured data are very close to the intended values, i.e. the molar ratios of cations adjusted in nitrate solutions used in coprecipitation reaction. The process of thermal decomposition of the hydrotalcite-like samples into mixed oxides was studied by thermogravimetry coupled with analysis of gaseous products released during thermal treatment of the samples (TG-QMS). Results of thermal analysis are presented in Fig. 2 . In general, thermal behaviour of hydrotalcite-like compounds may be characterised by two main transitions: (1) the loss of interlayer water without collapse of the layered hydrotalcite structure and (2) subsequent loss of hydroxyl groups accompanied by water release from the brucite-like layers and decomposition of volatile interlayer anions (e.g. carbonate or nitrate) at higher temperatures [24] . The temperature ranges of these two transitions depend on cationic composition of the hydroxide layers and interlayer anions. The first transition related to the loss of interlayer water is represented by DTG peaks and maxima of water evolution at temperatures below 250°C. It should be noted that in the case of the samples with higher Al/Mg ratio (Co 5 but the NO evolution was more likely connected with decomposition of residual nitrates, which were not removed from the samples surface after washing.
Based on the results of thermogravimetric analysis, temperatures of 600°C and higher were chosen for calcination of the prepared hydrotalcite-like precursors. Such Fig. 2 Results of thermogravimetry coupled with evolved gas analysis documenting thermal decomposition of the co-precipitated hydrotalcitelike precursors temperatures should ensure a complete decomposition of the hydrotalcite-like precursors and their transformation into mixed metal oxides. The variation of calcination temperatures should result in the preparation of the samples with various phase composition, crystallinity and textural properties. Powder XRD patterns of the calcined samples are presented in Fig. 3 . The diffraction lines characteristic for MgO (periclase) were found in the powder XRD patterns of the mixed oxides obtained at 600 and 700°C (the lines at approximately 43°, 50°and 74°2h). Phases with spinel structure (represented by diffraction lines at about 22°, 36°, 52°, 70°and 77°2h) were identified, together with periclase-like oxides, in the powder XRD patterns of the samples with the higher Al/Mg ratio (Co 5 Fig. 3 Powder XRD patterns of the mixed oxides obtained at various temperatures from the hydrotalcite-like precursors ratio showed larger surface area and (3) the increase in calcination temperatures resulted in gradual decrease in the surface area of the samples.
The cobalt species formed during calcination of hydrotalcite-like precursors were analysed by UV-vis-DR spectroscopy (Fig. 4) . The spectra consisted of the bands in two regions characteristic of Co 2? cations below 330 nm and in the range 500-700 nm, as well as in the region characteristic of Co 3? cations in the range 330-480 nm [29] . The bands in the UV region below 330 nm were assigned to a low-energy charge transfer between the oxygen ligands and central Co 2? ion in tetrahedral symmetry [30] . The absorption bands, centred at 360 nm, were assigned to the 1 A 1g ? 1 T 2g transition in Co 3? ions in octahedral [31, 32] . The bands mentioned above were present in the spectra of all the studied samples and indicated that major part of cobalt cations was present in the form of Co 2? ; a part of cobalt cations was oxidised during calcination in air to Co 3? species. Calcination of the samples at high temperature of 800°C, especially in the case of the samples with the higher Al/Mg ratio (Co 5 Mg 62 Al 33 and Co 10 Mg 57 Al 33 ), resulted in the appearance of the well-defined triplet at 545, 590 and 635 nm (inserts in Fig. 4) [34] . Moreover, it should be noted that the highest intensity of the band characteristic of Co 3? cations (330-480 nm) was observed for the samples with the higher cobalt content and lower Al/Mg ratio (Co 5 Mg 77 Al 18 series). Therefore, it seems possible that this band represents mainly MgCo 2 O 4 with the inverse spinel structure [35] . Kubelka-Munk function/a.u. The electrochemical properties of the mixed oxide samples prepared at various temperatures were examined by cyclic voltammetry. Figure 5 shows the cyclic voltammograms obtained for the Co 10 Mg 57 Al 33 sample calcined at 600 and 800°C. The oxidation wave for the sample calcined at 600°C is visible at Epa = 301 mV and reduction wave can be observed at Epc = 8 mV. The shape of the voltammogram profiles shows that the redox process is irreversible and oxidation dominates over reduction in the mixed oxide catalyst. In the Co 10 Mg 57 Al 33 sample calcined at 800°C, the oxidation wave is present at Epa = 301 mV, so exactly at the same position as for the catalyst prepared at 600°C. On the other hand, significant differences are observed in the reduction waves of the Co 10 Mg 57 Al 33 sample calcined at 600 and 800°C. In the catalyst calcined at higher temperature, the reduction wave was shifted to 21 mV and, moreover, additional low-intensive reduction wave appeared at about 121 mV. Such result may indicate that increase in calcination temperature from 600 to 800°C generated more easily reducible cobalt species in the Co 10 Mg 57 Al 33 sample. Figure 6 presents the results of the multicycle voltammetry performed for the Co 10 Mg 57 Al 33 sample calcined at 800°C. In the initial cycles, splitting of the oxidation wave for two components was observed. This effect was less significant in the subsequent redox cycles, and finally an increase in the anodic current and the formation of one intensive oxidation wave occurred. As it was mentioned above, two reduction waves were observed in the profile of the Co 10 Mg 57 Al 33 sample calcined at 800°C. In the subsequent redox cycles, the intensity of these waves, especially that at higher positive potential, gradually increased. It could be explained by the formation of the more easily reducible cobalt species in the subsequent redox cycles. Such effects were not observed for the Co 10 Mg 57 Al 33 sample calcined at 600°C, for which no changes in the subsequent oxidation and reduction wave profiles were found. Figure 7 presents the results of temperature-programmed reduction (H 2 -TPR) obtained for the Co 10 Mg 57-Al 33 sample calcined at 600 and 800°C. The reduction in cobalt species proceeded in two steps. In the first step, 18 series, the sample calcined at 800°C was significantly more active and selective to CO 2 than the catalysts calcined at lower temperatures, which showed very similar catalytic activity in methanol incineration. The activity of the catalysts of Co 10 Mg 72 Al 18 series was very similar and only slightly depended on the calcination temperature. Among the examined catalysts, the best results, with respect to activity and selectivity to CO 2 , were obtained for the Co 10 Mg 57 Al 33 sample calcined at 800°C. Over the presence of the latter catalyst, methanol was completely oxidised to CO 2 from 325°C. This sample belongs to the group of very effective catalysts for methanol incineration (excluding noble metalbased catalysts) reported in the literature [27, 38, 39] . Such significant differences in the catalytic performance of the studied samples can be explained by various phase composition and redox properties of cobalt species present in these phases. As it was shown by UV-vis-DRS and XRD measurements, cobalt is present in the form of divalent and 33 sample calcined at 800°C). Moreover, this reduction process was intensified in the subsequent voltammetric cycles (Fig. 6) . Such effects related to the presence of the easily reducible phase as well as intensification of the reduction process were not observed for other catalysts exhibiting lower catalytic activity. Therefore, it could be suggested that this easily reducible phases, formed during high-temperature treatment (800°C) of hydrotalcite-like precursor, are responsible for high catalytic activity in the process of methanol incineration. Taking into account the fact that the most active catalyst (Co 10 Mg 57 Al 33 sample calcined at 800°C) contained more than three times higher aluminium content and nearly six times higher amount of magnesium in comparison with cobalt content, the formation of the MgCo x Al (2-x) O 4 spinel phase is more favourable than formation of Co 3 O 4 . Moreover, the presence of Co 3 O 4 was not confirmed by UV-vis-DR studies. Thus, it could be suggested that the MgCo x Al (2-x) O 4 spinel-type mixed oxide is more catalytically active in comparison with other cobalt-containing phases present in the Co 10 Mg 57 Al 33 catalysts (e.g. Mg 1-x Co x O periclase-like oxide) and is responsible for the enhanced catalytic activity of the sample calcined at high temperature (800°C).
Conclusions
The Co-Mg-Al mixed metal oxides were obtained from hydrotalcite-like precursors with various cobalt contents and different Mg/Al ratios by calcination at 600, 700 and 800°C. The prepared mixed oxides were tested as catalysts in methanol incineration. It was shown that both cation composition of hydrotalcite-like precursors and calcination temperature strongly influenced the catalytic performance of the mixed metal oxides. Among the studied samples, the best catalytic results were obtained with the Co 10 Mg 57 Al 33 sample having high cobalt content and lower Mg/Al ratio, calcined at 800°C. High catalytic activity of the latter was related to the presence of Co 3? -containing spinel-type phase, very likely the MgCo x Al (2-x) O 4 mixed oxide; it was probably more catalytically active in methanol incineration than other cobalt-containing phases formed during calcination of the hydrotalcite-like precursor. High catalytic activity of the spinel phase was ascribed to the relatively easy reducibility of Co 3? to Co 2? cations identified by voltammetry and H 2 -TPR measurements.
